Introduction and egg incubation period). 115
The population is primarily divided into male and female components. Male component is age 116
(from age 1 to age A) and length (from length class 1 to L) structured. We assume that males are 117 recruited to the population at age 1 at the beginning of spring; they progress from age a to age 118 a+1 also at the beginning of spring ( The number of males for a given time step t, a given age a and a given length class l 124
Author-produced version of the article published in Canadian Journal of Fisheries and Aquatic Sciences, 2012, 69(4), [770] [771] [772] [773] [774] [775] [776] [777] [778] [779] [780] [781] [782] [783] The original publication is available at http://www.nrcresearchpress.com/toc/cjfas/69/4 doi : 10. . Male can change sex at different length and age following a sex-change 127 at length transition ogive. 128
Females are subdivided into primiparous and multiparous maturity stages (Fig. 1) . Although 129 length-frequency data are also available for females, we consider a two stage structure instead of 130 an age structure because female growth is slow and modes are often confounded. All 
Assumptions regarding length-at-age 135
Male growth is assumed to follow a von-Bertalanffy growth curve. Consequently, the mean 136 size of the year class y at time step t is: 137
(1) ( ) ( ) ( ) µ , the size at recruitment (size at age 1 at the beginning of spring) of the year class and 139 ∆t the duration of time step t. 140 ∞ L is assumed to be known and constant and could be approximated by the maximum length 141 observed for males since growth at age 3 is slow and nearly null at age 4. Following Fournier et 142 al. (1998) and Maunder and Watters (2003) , length distribution of an age group at time step t, is 143 assumed to follow a normal distribution with a mean ( ) t µ y and a constant coefficient of variation 144
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cv. 145

Assumptions regarding sex-change 146
Quantities related to the sex-change are subscripted with sex. Sex-change is assumed to be 147 length dependent. We assume that the sex-change process is completed at the end of winter 148 before the beginning of the new biological year. The proportion of males that change sex in a 149
given year y is modelled by a sigmoid function of length, characterised by two parameters 150 ( ) 
The proportion p(y,l) of males of size l that change sex is given by: 154
However, all males of last age A are forced to change sex. 156
It is necessary to make an assumption about sex-change during final year Y to provide 157 abundance estimates in year Y+1. Since sex-change is assumed to follow a random walk, it is 158 logical to assume that the sex-change ogive in year Y is similar to year Y-1. 159
Survival equations 160
Survival Sr is the result of the natural and fishing mortality. Mean natural mortality M is 161 assumed to be constant over age groups and stages, and is equal at 0.5 year -1 . Yearly deviations 162 are allowed to account for inter-annual variability: 163
The original publication is available at http://www. 
Male fishing mortality is equal to: 178
Concerning females, it is assumed that selectivity is equal to 1 given that the newly 180 transformed females reach the sizes that are usually fully recruited to the fishing gear (Shumway 181 Author-produced version of the article published in Canadian Journal of Fisheries and Aquatic Sciences, 2012, 69(4), [770] [771] [772] [773] [774] [775] [776] [777] [778] [779] [780] [781] [782] [783] The original publication is available at http://www. 
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Year effect is assumed to follow a random walk to avoid unrealistic inter-annual variations: 190
Given the population numbers and the fishing mortality, expected catches are calculated using 192 traditional Baranov equations: 193 
194
Harvest rates H are computed as a ratio of catches in year y over the abundance of the stock at 195 the beginning of that year, i.e. at the beginning of spring, the first seasonal step of a year: 196
The original publication is available at http://www.nrcresearchpress.com/toc/cjfas/69/4 doi : 10.1139/f2012-011 given by: 210
Observation model and likelihood function 212
The model is fitted by maximising a likelihood function which is derived from an observation 213 model that describes the uncertainties around observed data. 214
Contribution of length-frequency data 215
Length-frequency samples are available from both commercial and survey catches. is based on the property that a proportion in a sample follows a normal distribution, and the 219 likelihood is modified to limit the influence of high and low frequencies. The length-likelihood 220 of a sample samp is: 221 
where n samp (t) is the number of sampled shrimps and
are the expected frequency of length class l estimated by the model 224 for a sample from the commercial fishery and from the scientific survey respectively, and f obs (l) 225 the observed frequency in the sample. 226
Contribution of total catches and total abundance indices 227
Total commercial catches per time step ( ( ) ( ) ( ) ) are assumed to follow a gamma distribution. The gamma 229 distribution is a distribution function that is increasingly used in population dynamic models 230 because of its great flexibility (Froysa et al. 2002; Haddon 2001) . 231
The loglikelihood is given by: 232 
being estimated before the remaining 244 parameters θ 2 (where Y denotes the number of years in the data set, ranging from y 0 to y Y-1 ). 245
Author
Estimating growth parameters 246
The following procedure is used to estimate the loglikelihood LogL 2 (θ 1 The original publication is available at http://www.nrcresearchpress.com/toc/cjfas/69/4 doi : 10.1139/f2012-011 algorithm (Schwefel 1995 ) that provides a starting point to a quasi-Newton algorithm provided 271 in the autodif library (http://www.otter-rsch.com/). The evolutionary algorithm is a stochastic 272 algorithm which is relevant to explore highly dimensional objective functions and which does 273 not require a starting point to be specified unlike traditional quasi-Newton algorithms. The 274 Hessian matrix is estimated by a finite difference approximation and inverted to get the variance 275 covariance and correlation matrices. 276
Case study: Gulf of St. Lawrence Pandalus borealis stock 277
Description of the fishery 278
The northern shrimp (Pandalus borealis) fishery began in the Gulf of St. Lawrence (Fig. 2) The separation is not done for the fall season and for the survey. In the Sept-Îles area, spawning 312 occurs in early October. Primiparous females spawn 6 months or so after having changed sex. 313
Egg bearing females migrate and aggregate inshore in winter and spring. This behaviour has an 314 impact on their availability to the fishing fleet. Therefore, a targeting factor was introduced to the 315 model to account for this migratory behaviour. 316
Specific parameters values 317
Some specific parameters values were fixed for the Sept-Îles case study according to expert 318 knowledge (Tab. 2). We set ν com =ν surv =100 which corresponds to a CV of 10%. We set 319 0.05 = σ f which corresponds to a random walk of coefficient of variation to 5%, given that 320 fishing activity is well known and that catchability is not expected to have changed a lot over the 321 period. Although there is little information on natural mortality inter-annual variability, we 322 choose to fix 0.05
, to have equivalent weights between natural and fishing mortality 323 deviations. In the absence of information over sex-change, we choose to let more flexibility to 324 the sex-change random walk and fix 0.10 = σ sex . 325
The model includes 4 male age groups and is fitted over a 19 years data series. Consequently 326 111 parameters should be estimated (24 in phase 1 and 87 in phase 2 - Table 1) . 327
Results
328
Fitting observed data 329
The model properly fits length-compositions of the male component with modes that can be 330 easily detected (Fig. 3a, Fig. 3b and Fig. 4) , demonstrating the adequacy of the growth model 331 and of the use of a time step. 332
The seasonal pattern of landings was captured as well in the fitting (Fig. 5 ). Each year, a peak 333 of catches is observed in spring that corresponds to the fishery targeting multiparous females 334 which are aggregated on the hatching grounds. The model poorly fits summer catches for the last 335 two years, probably because the estimates rely on only a few data points. More generally, the fits 336 are a bit poorer for the summer season than for the two other fishing seasons since the late 337 1990's, perhaps indicating a change in fishing behaviour over the period. Globally, catches have 338 increased through time over the period (Fig. 5) as a consequence of an increase in TAC (DFO 339
2009). 340
The global trend in total survey abundance indices estimated by the model is consistent with 341 the observations, except for 2003 (Fig. 6) . However, a strong year effect in the survey was 342 detected for many species for that year (DFO 2009). Globally, the model tends to smooth the 343 survey signal, which is not surprising given the random walk employed in the model. 344
Population numbers 345
Recruitment at age one (Figs. 7 and 8 ) estimated by the model is variable with two periods of 346 (Fig. 3) and at 10 mm (1 year old) in the 1991, 1998 and 2000 survey 349 length compositions (Fig. 4) . The abundance of females (primiparous and multiparous) also 350
shows the same trend with however a few years lag (Fig. 9a) No obvious stock-recruitment relationship is observed (Fig. 8) . The strong year classes are not 356 explained by a high abundance of females and are more likely due to favourable environmental 357 conditions improving larval survival (Ouellet et al. 2011) . 358 Theoretically, the model provides absolute population number estimates, however a rather 359 high correlation is observed between catchability (of both survey and commercial fishery) and 360 recruitment in first year estimates. Consequently, the population number estimates (and therefore 361 the harvest rates) are more likely to be relative abundance estimates. 362
Natural and fishing mortality rates 363
The model provides natural and fishing mortality estimates for males and females at each time 364 step (Fig. 9b -male and multiparous female fishing mortality rates are not represented, since they 365 are equal to the primiparous mortality rate multiplied by a constant through time). A high level 366 of both natural and fishing mortality rates at the beginning of the 1990s explains the low 367 abundance of multiparous in the same period. A sudden decrease in natural mortality first, 368
followed by a more limited decrease in fishing mortality with the combination of high 369 recruitment resulted in a period of relatively high female abundance between 1996 and 2001. 370
Similarly, the second peak of female abundance in the 2000's happened after a period of high 371 recruitment, lower fishing mortality, and decreasing natural mortality which continued to 372 decrease till 2006. The recent decrease in the abundance of females is probably due to both an 373 increase in the natural mortality rate estimated for the last two years, and a substantial increase in 374 fishing mortality since 2003. 375
Year effects do not exhibit strong variations through the period; however a model with a 376 constant year effect was rejected by the Akaike Information Criterion (Akaike 1973) . 377
Sex-change 378
The model relies on a time-varying sex-change-at-length relationship. A time constant 379 function was tested but rejected by the Akaike Information Criterion, demonstrating that inter-380 annual variability in sex-change is significant. 381
The two extreme ogives of sex-change-at-length show that in some years, a significant 382 proportion of males may anticipate sex-change and become females before reaching age 4 or 383 even age 3 (Fig. 10) . In other years, exclusively males of age 4 change sex. This may explain 384 why the mode corresponding to age 4 is often hardly distinguished from the mode corresponding 385 to age 3 in length-composition samples. It might also explain why the prediction of the 386 abundance of primiparous females from the abundance of males is uncertain though it would be 387 The original publication is available at http://www.nrcresearchpress.com/toc/cjfas/69/4 doi : 10.1139/f2012-011 the fishing season and b) estimated natural mortality (dotted line) and spring fishing mortality of 585 primiparous females (multiparous mortality is equal to the primiparous mortality multiplied by 586 the targeting factor -solid line). 587 
